Abstract.-Our comprehension of the physical properties of amorphous semiconductors has improved considerably over the past few years, but many puzzles remain. From our present perspective, the major features of chalcogenide glasses appear to be well understood, and some of the fine points which have arisen recently have been explained within the same general model. On the other hand, there are a great number of unresolved mysteries with regard to amorphous silicon-based alloys. In this paper, the valence-alternation model for chalcogenide glasses i& briefly reviewed. Two recent problems, the observations of dispersive transport in arsenic selenide glasses and of large transient field field effects in arsenic telluride glasses are analyzed in detail. The present status of the analogous defect model for amorphous silicon alloys is discussed. Some of the major puzzles, the Staebler-Wronski effect, the Meyer-Neldel rule, and the mechanism for doping, are examined.
Introduction.-It has been clear for many years that the properties of chalcogenide glasses are sharply distinct from those of the tetrahedrally bonded amorphous semiconductors (1, 2) . In general, the latter materials appear to be relatively conventional, in the sense that they can be prepared so that the Fermi energy is unpinned, and consequently the electrical conductivity can be modulated, e.g. by chemical doping or the field effect (3). In such films, the unpaired-spin density is very small, variable-range hopping is not observed, and a relatively sharp optical edge is apparent. Alternatively, if low-quality films are prepared, large unpaired-spin density is found, variable-range hopping conduction predominates, the optical edge is diffuse, and no field effect or doping is observed (4) . All of these features can be understood by postulating the existence of large densities of defects in the low-quality films. Careful preparation conditions, including the-judicious use of alloying, can drastically reduce the defect concentration, thereby allowing for the use of this class of materials in conventional semiconductor devices. In contrast, the gross features of chalcogenide glasses appear to be self-inconsistent. The Fermi energy is generally strongly pinned, and neither doping nor a field effect is observed under ordinary conditions. Nevertheless, variable-range hopping is suppressed and there is no evidence for any unpaired spins. The breakthrough in our understanding of this paradox came from an amalgam of two diverse approaches, the suggestion of a negative effective correlation energy (5) and its association with well-defined defect centers (6) on the one hand, and a chemical approach (7, 8) which emphasized the unique electronic structure of chalcogen atoms, on the other. These pictures were merged by the valence alternation pair (VAP) model (9) , which had great success in clarifying the experimental results. In brief, because of the lone-pair outer electrons on chalcogens, an extremely low-energy defect pair exists. One example is a positively charged three-fold-coordinated ion (C^~). Since this VAP has the same total number of covalent bonds (four) as a pair of chalcogens in their ground state (C2 0 ), the creation energy is low and large densities are frozen in at the glass transition temperature, T". Since the charged pair has lower total energy than a pair of neutral defects and the neutral defects are interconvertible by a bond breaking or formation, the effective correlation energy, U e ff, is negative. Since a tathogen {Column IV) atom cannot overcoordinate using only s and p electrons, VAPs are impossible in amorphous silicon alloys. The relatively large value of |D e ffI ^n chalcogenides ensures a strongly pinned Fermi energy, no measurable unpaired-spin density, and the suppression of variable-range hopping conduction.
Chalcogenide Glasses.-Although the VAP model has had great success in understanding Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1981401 t h e unique p r o p e r t i e s of most chalcogenide g l a s s e s , two recent experiments have proved t o be somewhat puzzling.
The f i r s t concerns t h e observation of d i s p e r s i v e t r a n s p o r t i n a wide c l a s s of chalcogenide g l a s s e s (10). The d i s p e r s i o n i n a-As2Seg has been shown t o r e s u l t from m u l t i p l e trapping by an exponential d i s t r i b u t i o n of s t a t e s i n t h e gap ( l l ) , bringing up t h e question of how t h i s is compatible with a model i n which t r a n s p o r t is c o n t r o l l e d by a s i n g l e type of defect c e n t e r . A second problem i s t h e r o u t i n e observation of f i e l d e f f e c t s i n a r s e n i c t e l l u r i d e g l a s s e s 1 2 3 Such an e f f e c t would appear t o be inconsistent with a l a r g e negative Ueff (14) .
Dispersive Transport.-Orenstein and Kastner (11) have shown from t r a n s i e n t photoconductivity measurements on a-As2Se3 t h a t t h e k i n e t i c s a r e controlled by an expone n t i a l d i s t r i b u t i o n of t r a p s characterized by a decay temperature, To = 550K. This can be explained only i f t h e VAPs a r e characterized not by a s i n g l e well-defined energy, but r a t h e r by a spread of energ2es. The o r i g i n of such a spread was d i scussed i n t h e o r i g i n a l paper (91, i n which i t was noted t h a t an oppositely charged p a i r would have even lower c r e a t i o n energy i f t h e two c e n t e r s were intimate (IVAPs) r a t h e r than randomly spaced (NVAPs). I n f a c t , a quasi-continuous d i s t r i b u t i o n of energies would be expected t o r e s u l t from t h e p o s s i b i l i t y of an a r r a y of separat i o n s , R, between t h e p a i r . W e might expect t h a t t h e concentration of IVAPs separ a t e d by a d i s t a n c e R is 2
a r e s u l t which would give exponential t r a p d i s t r i b u t i o n s t a i l i n g away from both t h e valence and conducti'on bands, and c o n s i s t e n t with t h e decay parameter given by Tg. The e f f e c t i v e one-electron d e n s i t y of s t a t e s i n t h i s case i s sketched i n Fig. 1 .
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Fig. 1: Sketch of t h e e f f e c t i v e onee l e c t r o n d e n s i t y of s t a t e s r e s u l t i n g from a d i s t r i b u t i o n of IVAPs. M repres e n t s t h e Coulomb a t t r a c t i o n between two
To ---------oppositely charged c e n t e r s located on T~ -IUI nearest-neighboring s i t e s .
Support f o r t h i s model a l s o comes from t h e time-resolved photoluminescence (15), i n which t h e r e s u l t s can be explained i n terms of conventional donor-acceptor luminescence v i a oppositely charged centers.
The mean photoluminescence energy decreases monotonically with increasing time, j u s t a s would be expected from t h e model of a d i s t r i b u t i o n of IVAPs, although t h e v a r i a t i o n i n t h i s c a s e a r i s e s from t h e lower tunneling p r o b a b i l i t y of a trapped e l e c t r o n between more widely separated c e n t e r s . The d i s p e r s i v e t r a n s p o r t r e s u l t s can perhaps a l s o be understood i n terms of m u l t i p l e trapping i n a bnad t a i l ; however, t h i s cannot explain t h e photoluminescence, which r e q u i r e s t r a n s i t i o n s between c e n t e r s t h a t a r e charged i n t h e i r ground s t a t e s and n e u t r a l i n t h e i r excited s t a t e s t o account f o r t h e decrease i n energy with increasing time.
Field Effect.-Since NVAPs s t r o n g l y pi% t h e Fermi energy, and some a r e expected t o b e present even in g l a s s e s wlth a r e l a t i v e l y low value of t h e d i e l e c t r i c constant, E, t h e f i e l d e f f e c t should be unmeasurable i n chalcogenides (16) . I n general, t h i s i s t h e case. However, a r s e n i c t e l l u r i d e g l a s s e s do r o u t i n e l y e x h i b i t f i e l d e f f e c t s (12, 13) , although t h e r e has been a discrepancy with regard t o t h e temperature dependence. The main problem i s t h a t t h e trap-limited mobility (observed i n t h e trans i e n t photoconductivity experiments described i n t h e l a s t section) should be reduced from t h e free-hole mobility by a f a c t o r of P~/ N , where p, is t h e equilibrium free-hole concentration and N i s t h e d e n s i t y of tFAPs. Even f o r a r e l a t i v e l y narrow-gap g l a s s , po/N "
The breakthrough i n understanding t h e presence of f i e l d e f f e c t s i n chalcogeni d e g l a s s e s was t h e observation t h a t t h e e f f e c t s a r e t r a n s i e n t (16, 17) .
I n f a c t , the.decay is characterized by two time constants, one of t h e order of minutes and t h e o t h e r of s e v e r a l hours a t room temperature (16) . This r e s u l t focused a t t e n t i o n on t h e k i n e t i c s of e q u i l i b r a t i o n , i n p a r t i c u l a r t h e f a c t t h a t t h e existence of a negative Ueff r e q u i r e s a d e f e c t interconversion of t h e type C 3 O S C1O. Since i t might be expected that each n e u t r a l d e f e c t is a t a l o c a l ~o t e n t i a l minimum, then t h e b a r r i e r between t h e s e minima would r e t a r d t h e interconversion and mask t h e e f f e c t s of t h e negative Ueff.
I n f a c t , a b a r r i e r of about 0.7 eV is s u f f i c i e n t t o account f o r t h e long t r a n s i e n t s observed.
In d e t a i l , t h e existence of a p o t e n t i a l b a r r i e r between n e u t r a l d e f e c t s essent i a l l y n u l l i f i e s t h e e f f e c t s of t h e negative Ueff a t s h o r t times (up t o s e v e r a l m i nu t e s i n a r s e n i c t e l l u r i d e g l a s s e s a t room temperature). A t times s h o r t compared t o T~= T~ exp (AV1/kT), where 'i0 i s t h e r e c i p r o c a l of a phonon frequency and AV1 i s t h e energy d i f f e r e n c e between t h e top of t h e b a r r i e r and t h e higher-energy n e u t r a l def e c t , a chalcogenide g l a s s resembles a compensated semiconductor. The Fermi energy i s not pinned, and a f i e l d e f f e c t is r e a d i l y observable. The e f f e c t (18) . However, a t times long compared t o r2=-co exp (AV2/kT), where AV; i s t h e energy d i f f e r e n c e between t h e top of t h e b a r r i e r and t h e lower-energy n e u t r a l d e f e c t , t h e f u l l e f f e c t s of t h e negative Ueff become evident. The Fermi energy i s strongly pinned by two-electron s t a t e s , and t h e e f f e c t i v e d e n s i t y of s t a t e s i s a s sketched i n Fig. 2 
i v e d e n s i t y of s t a t e s a t s h o r t times i s sketched i n Pig. 2(a). Note t h e s i m i l a r i t y between t h i s r e s u l t and t h e one f o r a-Se deduced by Abkowitz and Enck
(b).
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Fig. 2: E f f e c t i v e d e n s i t y of s t a t e s f o r i n t e r p r e t i n g f i e l d -e f f e c t experiments : (a) s h o r t times, t << TI;
I -; . I--.,
The physical processes i n a r e a l f i e l d -e f f e c t experiment a r e a c t u a l l y q u i t e complex (16). When a negative b i a s is applied t o t h e gate, f r e e h o l e s i n i t i a l l y flood t h e space charge region. Although t h e v a s t m a j o r i t y a r e trapped by t h e negatively charged c e n t e r s , t h e excess f r e e charge c o n t r i b u t e s t o an observable f i e l d e f f e c t . However, t h e trapped charge y i e l d s an imbalance of n e u t r a l acceptors (e.g. cLO ) compared t o n e u t r a l donors (e.g. C30), t h u s providing a d r i v i n g f o r c e f o r t h e l r interconversion.
However, t h i s is retarded by t h e e x i s t e n c e of t h e bar-. r i e r , and t h e k i n e t i c s a r e characterized by a time constant, ~~1 2 .
Only a t times long compared with T does t h e quasi-Fermi energy f o r holes r e t u r n t o t h e p o s i t i o n of t h e equilibrium Fermi energy. On t h e o t h e r hand, a s t h e interconversion i s taking place, t h e trapped charge density increases, causing a reduction i n t h e screening length. In t u r n , t h i s r e q u i r e s t h e emission of holes i n t h e bulk, which then move toward t h e gate. This process occurs in s e v e r a l steps. A s t h e p o t e n t i a l coll a p s e s towards t h e gate, some of t h e donors emit t h e i r holes. This l e a d s t o an imbalance of n e u t r a l donors, which convert t o acceptors with a time constant of ~~1 2 .
The r e s u l t i n g n e u t r a l acceptors quickly emit a second hole and become posit i v e l y charged. The f r e e holes a r e swept towards t h e g a t e , r e s t o r i n g equilibrium i n t h e bulk. The excess f r e e holes near t h e g a t e a r e a l s o quickly trapped, leading t o an interconversion of n e u t r a l acceptors t o donors i n t h i s region, again characterized by t h e time constant, ~~1 2 .
This model a l s o c l e a r s up t h e previous d i f f i c u l t y i n t h e temperature dependence of t h e f i e l d e f f e c t , s i n c e a t high temperatures t h e i n i t i a l c u r r e n t s a r e higher, but t h e r a t e s of decay a r e a l s o f a s t e r . This r e s u l t s i n a crossing of t h e AI(t) curves a t d i f f e r e n t temperatures.
It i s evident t h a t t r a n s i e n t e f f e c t s can be of t h e utmost importance i n a l l nonequilibrium experiments, including t h e steady-state, photoconductivity and photoluminescence, Photoconductivity i s analogous t o t h e f i e l d e f f e c t , except f o r t h e a d d i t i o n a l requirement of charge n e u t r a l i t y (19) . A key f a c t o r i s t h e r e l a t i v e ene r g i e s of t h e two n e u t r a l defects.
I f t h e donor-like defect (e.g. C30) has lower energy than t h e acceptor-like d e f e c t (e.g. ClO) , then e l e c t r o n s a r e more strongly trapped than holes. Since t h e trapping i s by charged c e n t e r s and i s t h u s f a s t , t h e short-term e f f e c t i s t o suppress t h e n e t i n c r e a s e of f r e e electrons. Because t h e trapped charge is predominantly negative, charge n e u t r a l i t y r e q u i r e s t h e concent r a t i o n of f r e e holes t o r i s e f a s t e r than t h a t of f r e e e l e c t r o n s , t h u s leading t o an anomalously high i n i t i a l photoconductivity. The concomitant excess of trapped holes d r i v e s acceptor-to-donor interconversions t o r e s t o r e thermal equilibrium. However, i f a b a r r i e r t o t h e interconversion e x i s t s , t h i s could t a k e a very long time. Nevertheless, t h e r e q u i s i t e density eventually does transform, and most of t h e r e s u l t a n t n e u t r a l donors quickly convert t o p o s i t i v e l y charged donors. This f i n a l component of p o s i t i v e trapped charge o f f s e t s t h e n e g a t i v e charge r e s u l t i n g from t h e excess trapped e l e c t r o n s , thus reducing t h e photoconductivity. Among t h e implications of t h i s a n a l y s i s a r e t h e appearance of a maximum i n t h e time evolution of t h e photoconductivity and a strong dependence of t h e photoconducitivity on t h e chopping frequency. Both of t h e s e have r e c e n t l y been observed. Homma and Adler(20) found a photocurrent maximum i n a-Seg9Te39Li2 about 45s a f t e r turning on t h e l i g h t , while Onari e t a l . (21) observed strong v a r i a t i o n s i n t h e photocurrent of a s e r i e s of As-Se g l a s s e s as t h e chopping frequency was varied. I n a l l cases, a maximum i n photoresponse was found between 0.2 Hz and 400 Hz, j u s t a s predicted by t h e previous a n a l y s i s .
Clearly, photoluminescence cannot occur a f t e r one of t h e two n e u t r a l c e n t e r s has converted i n t o t h e other, s i n c e both d e f e c t s then have t h e same energy. Thus, interconversion r e p r e s e n t s a nonradiative recombination branch which should be very temperature-dependent.
Indeed, t h e photoluminescence is strongly quenched by increasing t h e temperature (22), t h e d e t a i l e d v a r i a t i o n not representing a simple a c t i v a t e d process but r a t h e r a more complex one suggesting a d i s t r i b u t i o n of IVAPs. Even a t very low temperatures, t h e photoluminescence f a t i g u e s with time (23). This f a t i g u e could represent t h e forced interconversion required by t h e imbalance between p o s i t i v e and negative trapped charge discussed previously.
The f a t i g u e corr e l a t e s with t h e growth of a s i g n i f i c a n t unpaired-spin concentration, presumably due t o t h e now metastable n e u t r a l d e f e c t s .
Amorphous Silicon.-Although an enormous amount of work has been c a r r i e d out recentl y on amorphous silicon-based a l l o y s , p a r t i c u l a r l y a-Si:H (24) and a-Si:F:H (25), a g r e a t many mysteries s t i l l remain, including some concerning fundamental i s s u e s . For example, we s t i l l a r e u n c e r t a i n about t h e microscopic s t r u c t u r e of t h e m a t e r i a l , t h e mobility of f r e e c a r r i e r s , t h e predominant mode of t r a n s p o r t , t h e n a t u r e of t h e major trapping c e n t e r s , t h e primary recombination mechanism, t h e e x t e n t of t h e band t a i l s , t h e e f f e c t s of hydrogen, f l u o r i n e , and oxygen, t h e o r i g i n and d e n s i t y of l o c a l i z e d s t a t e s i n t h e gap, and t h e mechanism f o r doping. There a r e a l s o some questions about t h e s i z e of t h e mobility gap, t h e extent of t h e l o c a l o r d e r , t h e o r i g i n s of t h e unpaired s p i n s and photoluminescence peaks, and t h e s i g n of
It i s now c l e a r t h a t many i f not a l l f i l m s of a-Si:H a r e inhomogeneous (26) , o r d i n a r i l y containing regions r e l a t i v e l y r i c h i n hydrogen a l t e r n a t i n g with regions with only about 3% hydrogen.
Some hydrogen c l u s t e r i n g e x i s t s even i n t h e d i l u t e phases. Furthermore, space-charge regions e x i s t , espec i a l l y i n high-quality f i l m s with low defect d e n s i t i e s (24). These can be present near an e l e c t r o d e , a s u b s t r a t e , o r even a f r e e surface. Such regions can lead t o very a n i s o t r o p i c behavior of t h e physical properties.
F i n a l l y , t h e r e i s some evidence f o r t h e presence of intermediate range order, e s p c i a l l y in a-Si:F:H f i l m s (27). It i s not yet c l e a r i f t h i s takes t h e form of j u s t a sharper d i s t r i b u t i o n of d i h e d r a l a n g l e s (preserving third-neighbor d i s t a n c e s ) o r of more extensive struct u r a l order sucb a s t h e existence of m i c r o c r y s t a l l i t e s .
There is n o w a g r e a t d e a l of evidence that h e a v i l y doped, high-conductivity samples of both a-Si:H and a-S-l: F:H a r e p o l y c r y s t a l l i n e (28).
Defects.-There i s no doubt about t h e existence of well-defined d e f e c t s i n a-Si films (29). An immediate demonstration i s t h e success of s u b s t i t u t i o n a l doping (3).
I f phosphorus and boron e n t e r a-Si:H with t e t r a h e d r a l coordination a s i s e s s e n t i a l t o achieve doping, such c e n t e r s represent defects. Even in undoped samples, annealing beyond 350°C r e s u l t s i n hydrogen effusion and sharp increases i n t h e unpairedspin density. It is c l e a r t h a t tHe effusion of hydrogen must lead t o t h e c r e a t i o n of defects. The EPR s i g n a l r e s u l t i n g from unpaired spins a f t e r hydrogen e f f u s e s i s t h e same a s that f o r s p i n s created by deposition a t lower temperatures o r by i r r a d ia t i o n (30). W e can conclude t h a t some of t h e same defects a r e present i n as-deposited films.
Since t e t r a h e d r a l coordination represents t h e maximum covalent-bond d e n s i t y p o s s i b l e using s and p o r b i t a l s only, valence a l t e r n a t i o n is impossible i n a-Si a l l o y s . Consequently, no low-energy d e f e c t s e x i s t i n such films, and r e l a t i v e l y defect-free samples can be prepared i n principle.
However, s i g n i f i c a n t defect conc e n t r a t i o n s a r e always present i n a l l r e a l samples, presumably due t o s t r a i n s during t h e non-equilibrium preparation conditions. An important point i s t h a t t h e defect d e n s i t i e s a r e not controlled by thermodynamics a s i n chalcogenide glasses, but r a t h e r a r e extremely dependent on t h e d e t a i l s of t h e growth procedure.
Thus f a r , t h e lowest defect d e n s i t i e s appear t o c h a r a c t e r i z e films prepared by t h e plasma decomposition of SiH4 o r S~F , $ / H~ mixtures, o r by t h e chemical vapor deposition
(CVD) of SiH4 followed by a post-hydrogenation.
T
t is c l e a r t h a t r e l a t i v e l y small hydrogen incorporation (3-20%) serves t o reduce t h e s t r a i n s considerably by lowering t h e average coordination number, while f l u o r i n e can accomplish t h e same end more e f f i c i e n t l y because of t h e g r e a t e r bond-angle freedom of t h e predominantly i o n i c Si-F bonds. Nevertheless, the extreme s e n s i t i v i t y of t h e defect density t o deposit i o n parameters has g r e a t l y retarded our understanding of t h e physical p r o p e r t i e s of a-Si a l l o y s .
The lowest energy n e u t r a l d e f e c t s i n a-Si films a r e t h e dangling bond (T30) and t h e doubly coordinated S i c e n t e r (T20). It i s c l e a r t h a t t h e T;! c e n t e r s have a p o s i t i v e Ueff (31), but t h e sign of Ueff f o r Tj c e n t e r s i s s t i l l i n doubt. W e s h a l l r e t u r n t o t h i s question l a t e r . I n addition t o t h e p o s s i b i l i t y of T~+ -T~-p a i r s , T~+ -T~-p a i r s can a l s o form (29) . Either type of p a i r has been c a l l e d a charge t r a n s f e r defect (CTD), and they can be intimate (ICTDs) o r more d i s t a n t l y separated.
Amajor problem when two types of non-interconvertible d e f e c t s a r e sirmultaneously present i s t h e i n v a l i d i t y of an e f f e c t i v e one-electron density of s t a t e s diagram (29). A q u a s i p a r t i c l e approach is e s s e n t i a l f o r t h e c o r r e c t i n t e r p r e t a t i o n of transport and o p t i c a l behavior.
Other problems can r e s u l t from t h e p o s s i b i l i t y of complex defect interconversion i n a-Si:H films v i a hydrogen t r a n s f e r (29). (33) . Recent c a l c u l a t i o n s (34) suggest t h a t such bonds can remove any localized s t a t e r e s u l t i n g from a stretched bond from t h e energy gap. The e f f e c t i v e correlat i o n energy of such a complex i s p o s i t i v e , i n disagreement with a previous suggest i o n (35). Finally, dopant atoms such a s P o r B or impurities such a s 0 can induce d i f f e r e n t types of defect centers.
Besides t h e well-defined d e f e c t s discussed above, continua of s t r e t c h e d bonds and d i s t o r t e d bond angles a r e possible. However, t h e r e is s t r u c t u r a l evidence only f o r t h e l a t t e r (32), which should be responsible f o r t h e valence and conduction band t a i l s r a t h e r than any s t a t e s deep in t h e gap. S t i l l another p o s s i b i l i t y i n hydrogenated f i l m s i s t h e presence of three-center bonds with bridging hydrogen atoms
Density of Localized States.-The density of localized s t a t e s i n t h e gap of a-Si a l l o y s is one of t h e most important unresolved problems a t t h e present time. Clearl y , it is very dependent on sample composition and q u a l i t y , and i s t h u s not a unique property.
In addition, inhomogeneities and a n i s o t r o p i e s can a f f e c t t h e measurements enormously. Nwertheless, t h e r e a r e s u f f i c i e n t s i m i l a r i t i e s i n t h e d e t a i l e d transp o r t behavior among t h e highest-quality f i l m s prepared i n many d i f f e r e n t laboratori e s t h a t we might expect t o be a b l e t o answer t h e following questions with regard t o such films: (1) Do s p i n l e s s d e f e c t s e x i s t i n a-Si:H?
(2) Is t h e r e well-defined s t r u c t u r e i n g(E)? (3) Is t h e r e evidence f o r more than one type of d e f e c t ?
(4) Does t h e i n t r i n s i c d e f e c t d e n s i t y change wich doping? (5) What is t h e minimum d e n s i t y of l o c a l i z e d s t a t e s i n t h e gap?
Unfortunately, we do not have unambiguous answers t o any of t h e s e questions y e t .
One of t h e problems i s t h e d i f f e r e n t r e s u l t s emerging from d i f f e r e n t experimental techniques such as.
However, about 100 times a s much H e n t e r s t h e f i l m b e f o r e high-quality a-Si:H r e s u l t s (36).
S i m i l a r l y , about 100 times a s much H i s given o f f than unpaired s p i n s a r e c r e a t e d (37) . Thus, it i s c l e a r that H compensates s p i n l e s s def e c t s .
Since we can conclude f r o m t h e work of Sol e. (36) 
c e n t r a t i o n while t h e s p i n concentration remains c o n s t a n t (38,39). Thus, P i s a f f e c t i n g s p i n l e s s d e f e c t s i n t h i s range. These d e f e c t s a r e u n l i k e l y t o be s t r e t c h e d bonds, s i n c e t h e r e is no evidence f o r t h e s e i n pure a-Si (32). They a r e probably not d i s t o r t e d bond a n g l e s , s i n c e H would n o t e a s i l y compensate such d e f e c t s . Most l i k e l y , they a r e e i t h e r TZ0 c e n t e r s o r T3+-T3-p a i r s .
(The l a t t e r would c h a r a c t e r i z e any i n t e r n a l s u r f a c e s t h a t may e x i s t due t o t h e growth k i n e t i c s (40) .)
The evidence t h a t t h e presence of well-defined d e f e c t s lead t o s t r u c t u r e i n g(E) comes from a wide a r r a y of o b s e r v a t i o n s including f i e l d e f f e c t , tunneling, DLTS, and doping experiments (41). This s t r u c t u r e appears t o e x i s t both above and below t h e gap c e n t e r and i s q u i t e asymmetric.
The l a t t e r i s a l s o evidence f o r t h e e x i s t e n c e of more than one t y p e of d e f e c t .
EPR.-EPR measurements i n d i c a t e t h e presence of t h r e e d i f f e r e n t s p i n s i g n a l s , with -g-values of 2.0055, 2.004, and 2.013 (42). Only t h e f i r s t of t h e s e i s present a t e q u i l i b r i u m in undoped films. This can be a s s o c i a t e d w i t h t h e n e u t r a l dangling bond, T30. The g=2.004 l i n e appears i n P-doped f i l m s , while t h e gz2.013 l i n e chara c t e r i z e s B-doped f i l m s . The conventional i n t e r p r e t a t i o n i s t h a t t h e s e r e p r e s e n t e l e c t r o n s and h o l e s l o c a l i z e d i n t h e conduction and valence band t a i l s , r e s p e c t i v el y . These band t a i l s a r e expected t o a r i s e from s t r a i n e d bonds i n t h e samples. However, t h e r e a r e d i f f i c u l t i e s w i t h t h i s i n t e r p r e t a t i o n .
Both s p i n s i g n a l s maint a i n t h e same p o s i t i o n and width, d e s p i t e t h e wide a r r a y of d i f f e r e n t t y p e s of s t r a i n e d bonds expected. In a d d i t i o n a s t h e P c o n c e n t r a t i o n i n c r e a s e s , t h e g=2.004 s i g n a l goes through a maximum and begins t o d e c l i n e i n s t r e n g t h (42). A s i m i l a r maximum in d e n s i t y of t h e g=2.013 s p i n s occurs w i t h i n c r e a s i n g B c o n c e n t r a t i o n (43).
These r e s u l t s a r e very d i f f i c u l t t o understand i n terms of band t a i l s . Even i f such s t a t e s were c h a r a c t e r f z e d by a small c o r r e l a t i o n energy, a maximum i n s p i n d e n s i t y cannot occur u n l e s s phosphorus and boron begin t o reduce t h e d e n s i t y of s t r a i n e d bonds beyond a c r i t f c a l concentration. But, i n a d d i t i o n , a t a given P concentrat i o n , t h e Fermi energy i n c r e a s e s with i n c r e a s i n g temperature, w h i l e f o r a f i x e d B c o n c e n t r a t i o n , Ef decreases w i t h i n c r e a s i n g temperature (43) . Since Ef must move away from l a r g e d e n s i t i e s of s t a t e s a s t h e temperature i n c r e a s e s , both of t h e s e r e s u l t s a r e incompatible with a band-tail i n t e r p r e t a t i o n .
Doubly coordinated S i atoms a r e c h a r a c t e r i z e d by a p o s i t i v e Ueff and a r e spivl e s s when n e u t r a l .
Five d i f f e r e n t charge c o n d i t i o n s a r e p o s s i b l e f o r such c e n t e r s , Tz2+, T~+ , T20, T2-, and T~'-.
A l l of t h e s e s t a t e s could appear i n t h e gap s i n c e o n l y t h e T~~ and ~2 -s t a t e s are s i g n i f i c a n t l y s e p a r a t e d i n energy (44) . Note t h a t TZ2+ and TZ2-c e n t e r s r e p r e s e n t t h e ground s t a t e s f o r t h e i r e l e c t r o n i c configurat i o n s . It appears t o be more l i k e l y t h a t t h e g=2.013 s p i n s a r e T + c e n t e r s , while t h e gx2.004 s p i n s a r e T2-e e n t e r s .
The build-up of s p i n l e s s TZ2+'and T~~-e e n t e r s w i t h i n c r e a s e d doping c o n c e n t r a t i o n can then e x p l a i n t h e maxima i n s p i n d e n s i t i e s i n a n a t u r a l way. Furthermore, i f t h e T + and T2-l e v e l s a r e s p l i t o f f from t h e v a l e n c e and conduction bands by s e v e r a l ET, t h e observed temperature dependence of Ef becomes understandable.
Staebler-Wronski Effect.-S t a e b l e r and Wronski (SW) observed t h a t a f i l m of a-Si:H w i t h a n a c t i v a t i o n energy of 0.57 eV f o r conduction was m e t a s t a b l y changed upon prolonged exposure t o l i g h t (45). The a c t i v a t i o n energy increased t o 0.87eV, t h e photoc o n d u c t i v i t y decreased, and t h e recombination k i n e t i c s changed from bimolecular t o monomolecular.
The o r i g i n a l s t a t e could be recovered by a thermal a n n e a l c o n t r o l l e d by a t i m e c o n s t a n t w i t h a n a c t i v a t i o n energy of about 1.5 eV f o r n-type samples. For p-type f i l m s , recovery appears t o be more r a p i d (24) .
The m e t a s t a b l e s t a t e c o n t a i n s about double t h e d e n s i t y of g12.0055 s p i n s (46) and a n a s s o c i a t e d photoluminescence l i n e n e a r 0.8 eV is a l s o roughly doubled an i n t e n s i t y (47) . DLTS experiments i n d ic a t e that t h e photo-induced changes are a bulk r a t h e r t h a n j u s t a s u r f a c e e f f e c t (48).
A v e r y i n t e r e s t i n g r e c e n t r e s u l t is that undoped f i l m s e x h i b i t a n i n v e r s e e ff e c t , i n which t h e a c t i v a t i o n energy f o r conduction d e c r e a s e s (49). Moderate P o r B doping b r i n g s about a l a r g e d i r e c t e f f e c t , while heavy (1%) doping quenches t h e e f f e c t completely. The r e s u l t s a r e shown i n Fig. 3 .
"-1yPO * 0-IVP* Fig. 3 : Doping dependence of t h e Stabler-Wronski e f f e c t .
A r e f e r s t o t h e annealed state and B t o t h e l i g h t soaked s t a t e (49).
A E, (FV~
The conventional i n t e r p r e t a t i o n of t h e Staebler-Wronski e f f e c t i s simply a light-induced c r e a t i o n of T30 s t a t e s . This model has a major conceptual d i f f i c u l t y , however, s i n c e t h e e x c i t i n g l i g h t has energy o f l e s s than 2 eV, much less t h a n t h e expected c r e a t i o n energy of two dangling bonds. (The c r e a t i o n of a s i n g l e dangling bond i s g e o m e t r i c a l l y impossible.) Furthermore, t h e l a c k of any exchange narrowing of t h e phgto-induced EPR l i n e s i n d i c a t e s t h a t t h e new ~3 ' c e n t e r s must be more than about 1 0 A a p a r t (46). This could be accomplished by t h e d i f f u s i o n of p a i r s of hydrogen atoms from widely s e p a r a t e d r e g i o n s t o a s p i n l e s s d e f e c t , b u t t h i s would appear t o be r a t h e r u n l i k e l y and n o t e a s i l y r e v e r s i b l e .
I n any event, such a model has even more d i f f i c u l t y i n e x p l a i n i n g t h e r e s u l t s o f Fig. 3 . I f t h e T30 c e n t e r s a r e c h a r a c t e r i z e d by a p o s i t i v e Ueff, two bumps i n t h e gap w i l l be p r e s e n t , one a t To and t h e o t h e r a t To + Ueff. I f dangling bonds a r e t h e predominant d e f e c t , t h e Ef should be l o c a t e d n e a r To + Uepf/2 i n undoped samples, I n t h i s c a s e , any enhancement of t h e T3O c e n t e r s by l i g h t w i l l n o t s i g n i f i c a n t l y a f f e c t Ef. As P i s added, Ef i n c r e a s e s , converting t h e c e n t e r s from T30 t o T3-.
Any photo-induced c r e a t i o n of new c e n t e r s must t h e n d e c r e a s e Ef, s i n c e P atoms would n o t b e s o e f f e ct i v e i n i n c r e a s i n g Ef i f t h e r e were more T3-s t a t e s t o f i l l . The magnitude of t h e change i n Ef should b e i n v e r s e l y p r o p o r t i o n a l t o g(Ef), s o t h a t AEf would become small o n l y a f t e r Ef r e a c h e s t h e P l e v e l s o r t h e conduction-band t a i l .
S i m i l a r reasoning should p r e v a i l f o r B-doped samples. Thus, a n i n v e r s e S W e f f e c t i s d i f f i c u l t t o understand.
I f o t h e r d e f e c t s a r e important and t h e T30 s t a t e s a r e n e a r t h e cent e r of t h e gap, it i s p o s s i b l e t h a t Ef could l i e w i t h i n t h e s e states even i n undoped samples. I f t h i s is t h e c a s e , some of t h e c e n t e r s a r e T~+ a t e q u i l i b r i u m and photoinduced dangling bonds could i n c r e a s e Ef.
However, t h e r e i s a g r e a t d e a l of evi-dence a g a i n s t t h i s view. It p r e d i c t s t h a t t h e spin density should i n c r e a s e with P
